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Strong Velocity Effects in Collisions ofHe * with Fullerenes
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We have studied fragmentation and ionization gf ®y He' impact over a velocity range from
0.1 to 1 a.u. where a transition from vibrational to electronic excitation is predicted. With increasing
velocity we observe a strong decrease of evaporative procesges,(@eaks) and a linearly increasing
yield of small fragment$C;',n < 15). Apparently direct vibrational excitation leads preferentially to
evaporation, whereas electronic excitation is responsible for multifragmentation. In the intermediate
range we find indications for a “transparency window” similar to that predicted recently in simulations
of Naj -He collisions. [S0031-9007(98)08105-8]

PACS numbers: 36.40.Qv, 34.50.Bw, 36.40.Wa, 61.48.+c

The interaction of fullerenes with particles such as pho- For the present experiment Heions are extracted
tons [1], electrons [2], and ions [3] leads to fragmentationfrom an electron cyclotron resonance source, floated on
patterns which can serve as a fingerprint of the interaca potential between 1 and 28 kV. A double gap linear
tion process. lon-fullerene (and fullerene-ion-atom) col-accelerator operated at 13.56 MHz is used to increase the
lisions have been studied for different collision systemsprojectile energy up to 105 keV. In the collision chamber
at a variety of collision velocities and projectile chargea fullerene oven is operating at about 700 K. Thg C
states recently. InthE.,, < 250 eV range (correspond- Vvapor effuses through a nozzle into the collision region
ing to a projectile velocity of=0.05 a.u.; in the fol- Where itis crossed by the projectile ion beam.
lowing, we will always use the projectile velocity to Because of a static electric field (25Q'am) all
characterize the collision), collisional fragmentation ischarged collision products are extracted from this region.
mainly due to direct vibrational excitation of the tar- A reflection-type time-of-flight (TOF) mass spectrom-
get clusters [4]; the bimodal fragment distributions showeter [16] (resolution~430) is used to determine the
close similarities to, e.g., photofragmentation results [1]charge-to-mass ratio of the fragment ions. The fragments
indicating an independence of the fragmentation proces$an be detected in coincidence either with an electron
on the exact nature of the excitation mechanism [5]. Littleemitted during the collision or with charge state resolved
is known about the excitation mechanisms in the kewprojectiles, which serve as the start signal for the TOF
range (v = 0.1-1 a.u), where the interaction times are measurement, respectively. Alternatively, the projectile
much shorter. In this range, collisions of multiply chargedbeam can be chopped, with the chopper pulse being the
ions with fullerenes have been studied with great interesgtart signal. For the present study the latter method is
[6—9]. These collisions lead to remarkable mass distriused, in order to collect the collision products indepen-
butions of the collision products. On the one hang; C dent of the nature of the collision process. Details of the
clusters are formed in a gentle way [10,11], for highly experimental setup can be found in [17].
charged projectiles up to = 9 [12]. On the other hand,  Typical n/r spectra (Fig. 1, witm being the number
the fragment distributiodC;") peaks at: = 1, i.e., very of C atoms andr the charge state) for He collisions
small fragments are formed in such collisions. Similarwith Cgo show that G is formed up tor = 3 and with
results are observed for MeV collisioris > 1 a.u) of  a lower extraction voltage everi{ can clearly be identi-
multiply charged ions with fullerenes [13—15]. Whereasfied. Furthermore, the presence dfG,, peaks indicates
the first finding can be explained by electron capture agvaporative cooling (e.g., ¢ — Ct5 + Cy, r = 1-3)
large distances, without kinetic energy transfer from theand superasymmetric fission (e.gggG— C(Sg_“* + G5,
projectile to the G, the explanation for the occurrence of » = 3). The latter is a two-step process consisting of
the small fragments is less obvious. Under the assumptiogvaporation followed by electron transfer. Fer= 2
that these fragments are due to very close collisions, onsuperasymmetric fission is endothermic and therefore un-
can obtain information about the mechanisms by varyindikely to occur. Also forr = 3 evaporation is the domi-
the collision energy. Furthermore, a singly charged pronant process [18]. Small carbon clusté@ ) appearing
jectile is favorable for such a study to avoid potential en-over a wide mass range =~ 1-15) are therefore, in the
ergy effects. first place, due to multifragmentation processes into rings

We investigate the transition from vibrational to elec- (» = 10) and chaingn = 10).
tronic excitation in such close collisions experimentally With increasing projectile velocity, two opposite trends
for the system He-Cq in the velocity range between 0.1 are observed: (i) the intensity of the multifragmenta-
and 1 a.u. tion peaks increases strongly, the maximum of their
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0.2 — ————— and target is lowered below the target ionization poten-
2+ F . . o
c¥ Cgr v=012 | Ces tial such that a target electron can move to the projectile.
01l o % 60-2m R; = 11 a.u. corresponds to an electron capture cross sec-
oo tion o = 1.06 X 10~!4 cn?. For each trajectory, a ran-
0.0 phise Lo ‘ ’ dom orientation of the fullerene is chosen. The highest
o1 60-2m V=0.22 elastic energy losses occur for collisions with the shell of
' the targetb = 6.5 a.u), where the projectile experiences
0.0 b “A‘MWU‘U MJ\M ‘ M‘MM.AN\J the highest densificn? of C atoms. For smaller values
v=0.32 of b, the average elastic energy loss decreases slowly,
S, 01 outside the cage it drops to zero very fast. By far the
G hlilﬂl ” thM most trajectories lead to elastic energy losses of a few
S 0.0 el LR e eV only.
< v=0.45 The theoretical results can be compared directly to
01 X our experimental data. From the/r spectra we can
”h}[,”, MMM WM J N obtain the peak integrals for the different contributions.
0.0 S BN The relative cross section for evaporative fragmentation is
o1 v=0.62 defined as
ﬂm |“| nML ‘ " o, = 2'9":1 J Coo-2m . (D)
o0 JCso + Xo—1 [ Coo2m
0.1 Experimental data as well as MD results for both ac-
tivation energies are shown in Fig. 2. Obviously, all
0.0

0 15 30 45 60 curves have al/v dependence, i.e., the probability for
n/r evaporation scales linearly with the interaction time of
projectile and fullerene. The MD calculations mimic the
relevant process qualitatively correct, therefore the
Cdo—2m Can serve as a fingerprint for evaporation induced
by direct vibrational excitation (EVE). (We note that a

% dependence is also found for evaporation frogy C

FIG. 1. Mass spectra of (¢ and fragment ions at different
collision velocitiesv (in a.u.). The G yield is normalized to
1 and the ordinate ranges from 0 to 0.2.

distribution shifts to smallen values, and the yield of

Ci and Gg increases; (ii) the intensity of thegC2, |t has to be kept in mind however that these ions can

(r = 1,2) peaks decreases. o be formed only by a direct ionization, i.e., an electron
To model the direct vibrational excitation of theC  excitation, leading to an offset on the relative yields.

due to the He impact, we developed a molecular For 2,  the elastic part cannot be separated) The
dynamics (MD) code, based on a realistic three-body,antitative discrepancy between experiment and theory
potential for the fullerene [19] and a screened Coulomiyjght pe partly due to an overestimation of the electron
potential for the He-C interaction, the latter with the captyre radius but is mainly due to the fact that the
screening function of Moliere [20] and the screeningc/; yield in the experiment is reduced by electronically

length of Ehlich etal.[21]. This scheme has been jhquced fragmentation and ionization processes. It has
successfully applied to low energy collisions of He with heen shown recently that for ion-metal cluster collisions

fullerenes(v = 0.05 a.u) [22]. The quantity of interest ayen at lower energies electronic excitations can be an
for our study is the energy transfer from the projectile tojmportant fragmentation channel [25].

the fullerene, to which we refer to as elastic (projectile)

energy loss. This quantity is easily accessible from

a MD simulation, since it can be obtained as soon O3 T T T T T g
as the projectile leaves the interaction region. If the o o4l Oe 1150
resulting vibrational excitation of the fullerene exceeds Q ® experiment =
the activation energy of the procesg,G~» Css + C, UU: 0.3 i} O MD,E,=7.1ev 4120 g
evaporation occurste. = 7.1 eV [23], Etheor =~ 12 eV S g © MDE,12ev |0 5
[24]). It is therefore possible to calculate the relative S 02y interaction time £
evaporation cross section as the ratio of the number of T ooa | B

trajectories with above threshold elastic energy loss to the L

total number of trajectories. 0.0 — :
To this end, He projectiles are launched with a cer- 00 02 04 06 08 10

tain velocity v at random(x, y) coordinates within an velocity (a.u.)

impact radiusR, = 11 a.u. ThisR, is estimated with £ 2 Relative cross sections for evaporative fragmentation

the classical over-barrier model which assumes that at @/, — C/,_,, + C,,); dotted lines:1/v fit; solid line: inter-

critical distance the potential barrier between projectileaction time for collisions withb = 0.
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To model electronic excitations we treat the largefrom evaporation to multifragmentation for average inter-
number of valence electrons in the metal-likgoGs nal fullerene energies between 80 and 225 eV, and the
an electron gas. Inelastic energy loss of ions travelingalculated fragmentation patterns are in agreement with
through an electron gas is due to long range couplinggxperimental results obtained by fullerene-ion-atom col-
to electron-hole pairs [26]. In the energy range undetisions (v < 0.55 a.u) and multiphoton ionization. We
study, it scales linearly with the projectile velociiyand observe a coexistence of evaporation and multifragmen-
can thus be described by the stopping powes £ = tation over the whole excitation energy range under in-
v(rs)v [27]. The friction coefficienty depends on the vestigation (15-165 eV; see Fig. 3a), i.e., no indication
density parameter, = (%Wno)_l/3 which is a function ©Of a phase transition (for projectile velocitias below
of the valence electron density. 0.22 a.u., even the maximum loss is below 80 eV).

The valence electron density for a fullerene is assumed The activation energies for multifragmentation and
to be a spherically symmetric jellium shell as calculateddirect ionization are not known, and furthermore the
by Puska and Nieminen [28]. WitR being the distance employed stopping power model does not account for the
from the fullerene center in atomic unitsy(R) decays statistical nature of the inelastic processes. Therefore we
outside the shell and towards the center in a way that theannot calculate the relative fragmentation cross sections
main contribution is found fo# < R < 9. The friction and in the following we will compare the average inelastic
term y for a variety of projectile ions and for different energy loss to the experimental results on adjusted scales.

values forr, can be found in [29]. It can be interpolated To this end the (experimental) relative cross sections

nicely by the exponentiay (r;) = 0.755 eXp(—“‘ofglf ;Orre r;wgflitri]ferfjgmentationaf and collisional ionizationo;

Embedding of the friction into the MD formalism leads
to a scheme to obtain the inelastic energy loss: After each 14_1 Jct Jo
MD integration step, the projectile energy is reduced by o7 = = . . Oi =
g p proj ay y of [Clo + 24:1 [Cr Jch+ [ci

AE = y(ry(R))vAR = y(r,(R))v>At. 2 =13 4)

The inelastic energy -IOSS exceeds the elastic ene-rgy-loﬁesults from experiment and simulation are shown in
_by f_ar. A maximum is again found when the projectile igs. 3a and 3b. Apparently, a threshold for multifrag-
impinges close to the fullerene shell (due to the lon eniation of @o.by He impeict exists ab ~ 0.1 a.u

trajectory part through high density areas of the electro L . -
gas). Inside the shell, significantly less inelastic energyrom which it increases linearly up @ ~ 0.6 a.u. From

loss is observed. Outside the shell a fast decrease with

the impact parameter is found. The regimes can even 06T T 9% _
be recognized as three distinct peaks in the total energy = 05} a) o o%%°° ® T80 fg
loss histogram. The average inelastic energy (ads ~ b oa L g G
5.9v) is close to the value obtained analytically for a He : 1 .P, - 60 i
projectile, passing the fullerene targetiat= 0 without 8 03F ® experiment  Jgq D
deflection, S ool energy loss: la0 &
o 5 1 .Q 0O MD: average .
AE = 2[ y(rs(R))vdR = 8.1v . 3) = 01 i‘ analytical, b=0 + 30 o
0 0.0 I ettt 20
This is in good agreement with experimental results for ) P P
the inelastic energy loss of a He ion passing a graphite 04 [ T @
target of thickness 14 a.u. [30]. A first surprising result ST fﬂ 1% 9
of the simulation is the fact that over the whole projec- » 03 ?"éxp- 1502
tile velocity range under study a direct collision with the B ool m c? U B
fullerene cage leads to an inelastic energy loss exceed- g . CZZs+ adada T4 100%
ing the evaporation threshold. From this one would ex- < 01} Mnergy loss: 450 =
pect the rela_tive_ cross sgction for evaporation to increase = 0 IMl?: average ] .=
with the projectile velocity. Since the opposite is ob- 0-00.0 02 04 06 08 10

served, we conclude that electronic excitation leads to
fundamentally different deexcitation processes, namely,
multifragmentation. The fact that also thejCyields FIG. 3. Relative experimental cross sections for multifrag-
(r > 1) increase withw (Fig. 1) furthermore indicates an mentation (a) and & formation (b) (closed symbols and left
increasing importance of direct ionization. a_XiS) and _calcula_ted inelastic energy loss (open_ squares, solid
This differs from the results of a recent theoreticallin® and right axis). The scales have been adjusted to show

. that the experimental data exhibit the same linear dependence
study by Campbelet al. [5], where an independence of ,;'ine collision velocity as the calculated inelastic energy loss.

the fragmentation process from the excitation mechanismhe dashed lines in (b) are to guide the eye, their slope follows
was found. Their results also predict a phase transitiorthe trend of the inelastic energy loss.

velocity
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